Abstract: Rotational excitations of molecular adsorbed layers are studied theoretically. Nonlinear dynamical equations are obtained with accounting of quadrupolar interactions between molecules and freezing of translational degrees of freedom. The equilibrium positions of the molecules are found to be experimentally observed structures with alternating rotational ordering of planar rotors along the direction to the nearest neighbor (for linear or square structures) under low temperature. Dynamical analysis gives an integral of motion (energy) of the chain that in the long-wave limit leads consequently to the existence of four phases. The first one corresponds to oscillations near equilibrium ordered states. The second phase corresponds to low-energy rotational excitations along 'valleys' (easy directions in the effective potential) that do not destroy strong correlations between molecules while structural data can show rotational disorder (melting). The third phase corresponds to an energy that is enough to travel between 'valleys'; only some 'islands' in the angle space are forbidden. Complete destruction of correlation when the energy is over the peaks of the effective potential corresponds to the fourth phase. Therefore rotational melting is a complex phenomenon that has several stages.
Introduction
Low dimensional systems are very important as model objects as well as in applications. Real objects can be adsorbed structures [1] or crystals with low-dimensional bases. Chain models are a necessary stage in the investigation of the dynamics and thermodynamics of more complex systems: crystals [2] , and the nonlinear dynamics of atomic and molecular lattices [3] . A chain model is applied to the descriptions of linear lattice dynamics and thermodynamics of molecular cryocrystals [4] . The complexity of the models even for a 1D molecular chain requires some approximations to simplify the system description. Such approximations are a model potential and 1D rotation in nonlinear consideration [1, 4] .
In the present paper we consider the rotational statics and nonlinear dynamics of a molecular chain with a realistic quadrupolar interaction potential [4] between molecules. We use the approximation of one degree of freedom for each molecule as in [1] . Also we use the approximation of a very hard translational potential, so that translations and vibrations are frozen and they can be neglected. Just considering nonlinearity under large angles allows us to find that the equilibrium configuration of the molecular chain with alternating rotational ordering is the most stable. It corresponds to experimentally observed 2D structures [1] and differs from the parallel ordering of molecules that was chosen in models (see [4] and references therein). We have found that rotational excitations demonstrate strong anisotropy in the angle space: directions of easy excitation ('valleys' on the potential) exist. Excitations that are spread along 'valleys' do not destroy strong correlation (potential) between rotating molecules but structural data can show rotational disorder (melting).
Energies and equilibrium ordering
For the most realistic situation when adsorbed molecules can only rotate in the plane of the substrate [1] ‡ they have only one degree of freedom. Translational degrees of freedom are frozen by the substrate and we neglect this interaction by anisotropy as well. In these suppositions the potential energy of the rotational (quadrupolar [4] ) interaction of molecules in the chain can be written in this way:
Here Q is the quadrupolar moment of a molecule, R is the distance between molecules (it is determined by interactions of the molecule with its neighbors and the substrate), φ i is the angle between the principal axis of the corresponding molecule and the direction of the radius-vector that connects the centers of inertia of the molecules i and i + 1. The ‡ Meanwhile there are possible adsorbed structures with orientation of principal axes of molecules which are perpendicular to the substrate plane [1] . Such structures must have 2D rotation for each molecule.
potential energy (1) is obtained supposing that a molecule interacts only with its nearest neighbors, with the contribution of the next neighbors being much less. We can construct only three symmetric orderings. They may provide minima of the chain potential energy (1). Calculations following (1) lead to
where i, j, n = 0, ±1, ±2, ... and i = 2n (i = 2n + 1) defines even (odd) sites. The minimum of the energy is reached when the molecules alternate their ordering in the chain (case b in (2)). The stability of this structure will be confirmed below by plotting the potential relief.
Equations of motion
Let us consider excitations of the molecular chain. The Lagrangian of the system is L = K − U where U and K = 
This is a strongly nonlinear differential-difference system of equations. Let us rewrite these equations for two sublattices that follow from separating the molecules into two subsystems in the equilibrium state for even (φ 2m ) and odd (ψ 2m+1 ) sites. It is natural to begin investigation of this complicated problem starting with the linear approximation [5] or from the long-wave limit (k → 0) for arbitrary amplitudes and nonlinearity. Then all even (and odd) sites are equivalent and the differential-difference sets of equations can be transformed into a system of differential equations.
Here dimensionless time is introduced by relation t → τ = tω 0 where ω 2 0 = Γ/J 0 . The first very important information about the dynamics of the system can be obtained from the stationary points of the equations that are determined by the conditions ψ = 0 andφ = 0. Then the set of equations (4) can be rewritten in the following form: sin p (a cos m + 2c cos p) = 0, sin m (a cos p + 2b cos m) = 0, (5) where we use the more convenient variables m = φ − ψ and p = φ + ψ. Solutions of equations (5) 
It yields solutions m = π/2 + πj; p = π/2 + πn that coincide with condition (2 b) and deliver the minimum energy of the chain (see also further analysis). The second simpler system a cos m + 2c cos p = 0,
yields solutions m = πj; p = arccos(±a/2c) where signum + is for j = 2n + 1 and signum -is for j = 2n. As we can see below these stationary points correspond to low saddle points.
The third simpler system of equations is
Its solutions are m = πj; p = πn. The solutions of the type j + n = 0, ±2, ±4... coincide with condition (2 c) of the maximum energy of the chain and as we can see below these stationary points correspond to peaks of the effective potential. The solutions of the type j + n = 2i + 1 coincide with condition (2 a) and as we can see below these stationary points correspond to the high saddle points. The forth simpler system of equations sin p = 0;
is not satisfied because under p = πj we have | cos m| = a/2b > 1. Therefore all special points of the system of equation (4) can be obtained from the solutions of the simpler systems (6) (7) (8) . This is the complete set of the special points of the system. Knowledge about the stationary points of the motion equations allows us to proceed to more detailed analysis of the molecular chain dynamics.
Analysis of the chain dynamics and structure of phases
We obtain the integral of the rotational motion of the molecular chain by multiplying the first equation (4) byφ and the second one byψ then sum both equations and integrate over time:
It includes "kinetic" W k and "potential" W p contributions:
W p = a(cos 2φ + cos 2ψ) + b cos 2(ψ − φ) + c cos 2(φ + ψ).
The potential relief for W p over the angular space is shown on fig.1 . Analysis of linear oscillations with arbitrary dispersion [5] demonstrates strong dependence of the relief on dispersion (wave number). We can not obtain a motion integral for strong nonlinearity and dispersion simultaneously but we think that for k not large the topological properties of the relief do not change strongly. Existence of only one motion integral means that the system is not integrable nevertheless it is possible to obtain some qualitative consequences about its behavior. Motion of a molecular chain is stochastic in angular space because of the complex potential [6] . The chain's excitation energy is determined by its temperature or by diffracting particles (electrons, neutrons etc.) in structure experiments. We can point out several intervals of energy with qualitatively different characters of motion of the molecular chain that can be corresponded to different structure phases. 1) W min < W ef < W SL is a region of finite rotating oscillations of the molecules in the chain near equilibrium positions (see centers of ellipses at the right panel of fig.1 and  molecular configuration on fig.2a , c, e):
Also compare with eq.(2b). This region's boundary in the angle space is a line of the type 1 on fig.1 . Frequencies along different directions are incommensurate in the general case and all of the region is filled by trajectories of motion. Structural data demonstrate rotational ordering with diffusion that grows as energy arises. The high boundary of this energetic region is the energy of the lower separatrix W SL .
2) W ef W SL is a narrow region of motion with an energy of the lower separatrix that coincides with the energy of the low saddle point (three points on right panel of fig.1  and molecular configuration on fig.2b, d) :
where p = φ + ψ and m = φ − ψ. The lower separatrix separates finite and infinite motion (rotation) of the molecules in the chain. On fig.1 the separatrix corresponds to lines of the type 2. All thermodynamic characteristics have to have an anomaly because of the high density of states [2] at this energy . The system undergoes a phase transition of order-disorder type. 3) W SL < W ef < W SH is a region of finite variation of p and infinite variation of m coordinates between the lower separatrix W SL (curve of the type 2 on fig.1 ) and higher separatrix W SH (curve of the type 4 on fig.3 ). Low-energy excitations along p π/2 + πj ('valleys' in the potential) exist. The fine structure of a valley is shown on the right panel of fig.1 . Excitations along the 'valleys' do not destroy strong correlations (potential) between rotating molecules so that p π/2 + πj along the j-th 'valleys'. The molecular motion is limited in the angle space by curves of the type 3 on fig.1,3 . Structural data for this phase show rotational disorder (melting).
4) W ef W SH is a narrow region of motion with an energy of the upper separatrix that coincides with the energy of the higher saddle point (two points on fig.3 and molecular 
Compare with eq. (2a). The upper separatrix separates finite and infinite motion (rotation) over the p coordinate. All thermodynamic characteristics have to have an anomaly at this energy. 5) W SH < W ef < W T is a region of infinite variation of the p and m coordinates but some regions (islands) of angles near the peaks of the effective potential W T are forbidden (curves of the type 5 on fig.3 ). At this energy the transitions between 'valleys' are possible when the system passes above the upper separatrix.
6) W ef W T is narrow region of motion with mean energy near the tops of the effective potential (see eq. (2c), molecular configuration on fig.2h ):
At this energy all thermodynamic characteristics have to have an anomaly because of high density of states. The system undergoes a phase transition into the completely disordered phase. 7) W T ≤ W ef corresponds to the completely disordered phase. Thus, dynamical analysis of the long-wave motion of the molecular chain leads consequently to a complex picture for the disordering process. There is evidence that disordering comes in several steps and four qualitatively different dynamic phases exist. The first phase corresponds to oscillations near equilibrium ordered states. The second one corresponds to low-energy rotational excitations along 'valleys' (easy directions of the effective potential) that do not destroy strong correlations between molecules but structural data may show rotational disorder (melting). The third one corresponds to energies that are enough to travel between the 'valleys' and some 'islands' in the angle space are forbidden due to the correlations. Complete destruction of correlation occurs under high energy values and could be corresponded to the fourth one. The topology of the intermolecular correlations (potential) can not change for long waves.
Conclusion
We consider a molecular chain that consists of linear molecules with quadrupolar interactions. The molecules' centers are fixed. Each molecule has only one, rotational, degree of freedom in the adsorbing plane. The chain energy is derived in this model. The most stable ordering of the chain is found to be that with alternation of the longitudinal and transversal arrangement of the molecules. Equations of the molecules' motion are derived in the general case and the integral of motion is obtained in the long-wave limit. It is shown that linear and weakly nonlinear rotational excitations demonstrate strong anisotropy on the angle phase space, and some directions of easy excitation ('valleys' on the effective potential) exist. Excitations along 'valleys' do not destroy strong correlations (potential) between rotating molecules while structural data may show rotational disorder (melting). Destruction of correlations (potential) occurs under considerably higher temperature. Therefore orientational melting is a complex phenomenon which has several stages.
